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ABSTRACT

Recent observa.ional and theoretical studies of the ZZ Cetl varifables (DA
degenerate dwarfs), the DBV variables (DB degenarate dwavfs), and the GW Vir
variables (DO degenarate dwarfs) have shown them to be pulsating in nonradial
g -modes, The pulsation mechanism has been identified for each class of
mariable star and, in all cases, involves predictions of the star. envelope
composition, The ZZ Ceti variables must have pure hydrogen surface layers, the
DBV stars must have pure helium surface layers, and the GW Vir stars must have
carton and oxygen rich surface layers.
1. Introduction

In this paper 1 will presant and discuss ovur current knowledge aber.uc the
nonradially pulsating degenerates and predegenarate variable stars. The throee
classes of these stars arc the 72 Ceat{ stars (DA degenerate dwarfs with pure
hydrogen atmospheres), the DBV wtars (degenerate dwarfs with pure halium
atmospheres), and the GW V{r varfables (formerly known as the PGL1159=015
variablesn). The 2Z Catl variables inhabit a narrow Instavility strip with an
effactive temperature around 11,000K and a spread of about 1,000K [10]. The
temperature boundaries of tha funatability strip are still Lo dispute. Thetr

gravities are "108

c.m/n2 ftmplyting a mana of U.bMO. The DB vartablea fnhahit
a hotter tnatahility strip with an effective temperature of ~2%,000K and,
again, the boundarios of the {natability strip are not well known,  The GW Viv

variablew are much hotter with effective temparatures ~100 000K, Thetlr



atmospheric composition has not, as yet, been determined. Thecy do not show
evidence for any hydrogen in their atmospheres but they are so hot that cne
cannot set an upper limit to the hydrogen abundance. They show lines of
helium, carbon, and oxygen and their ultraviolet spectra show numerous metal
lines. One member of this class {s the central star of a planetary nebula
(K1=-16) and all of the evidence indlcates that the other members of the class
were recently planetary nebula central stars, There have been a number of
reviews of the properties of these variable stars (4,27,34,35,38,39) so that
in this paper I will mainly discuss the recent results.

2, The ZZ Ceti Variables

The first of the nonradially pulsating degenerate stars to be discovered
was HL Tau=76 (18], It had a pericd of ~750 sec; much longer that the radlial
periods predicted for a degenerate dwarf and this result went unexplained for
some years. In 1972, Chanmugam (&) and Warner and Robinson [36] suygested
that these stars must be pulsating in nonradial g+ modes. Over the next few
years, the Texas group came to the realization that mnst of the nonradlally
puls:ting stars existed {n the temperature range where the hydrogen opacity
was the largest, There are now 18 known ZZ Ceti stars (38].

t was not until the late 1970°s that any progress was made in
{dentifying the cause of the pulsations. In an attempt to understand the
structure and excitation of white dwarf envelopes, Starrfield, Cox, and Hodson
(28,29 ,sec also 24) used modern opacity tables and a linear, nonadlabatic,
radial pulsation code {3]) to {nventigate DA envelopes for instabilities. They
ware successful and attributed the excitatinn mechunism to the kappa and gamma
mechanism in the hydrogen parttal ilonizatfon zone.

Meanwhile, Salo and Cox [25]) had developed a new numerical technique for
the rapid analysis of linear, nonradial, nonadiabatic perturbations on stellar
envelopes. Winget, et al. (37,38,19,43] applied thin technique |see alwo
7,30] to a varlety of stellar models, As summacized {n Winget [3B]: they
found that the pulmations of the 27 Ceti variables were caused by the partial
tontzation of hydroge near the atallar surface and also attributed the banic
physical mechaniam to the kappa and gamma effects operating near the base of
the ayrface convectiva zone, Thay found that there wam an upner Limit to the
amount of mass of the hydrogen surface rone of lU-nM”. [f the murlace
hydrogen gone wan mors massive than this, the models were stabla, Thinw
produced a strong disagreemant with evoluttonary caleulations wnlch pradicet

-4
surface hydrogen mamses of order 10 ‘Hn or larger [14],



The disagreement between pulsation and evolution theory was so severe
that it seemed {mportant to redo Winget [37]. Such a study has now been done
{5] and they find both agreement and disagreement with Winget [37]. First,
they found thac the nonstandard convection theory used by Winget assumed very
inefficient convection. What was done was to choose the mixing length to be
the smaller of the pressure scale height or the distance to the surface. This
reduces the ratio of mixing length to scale helght to very small values near
the surface. Cox, et al. , assumed standard theory (2). Second, Cox, et al.
used both the Salo and Cox [25] code and a new Lagrangiau Code [22). They
find a blue edge at about 12,000K for models which assume very efficient

convection: l/hp'Z to 3. However, the blue edge does not depend on the amount

of hydrogen enveloop» mass and, in fact, stellar models with Me-lO-“Mo are
pulsationally unstable, This completely removes the theoretical discrepancy
between the evolution and pulsaticn calcul. ’'ong,

The most important result of Cox, et « {3 that the cause of the
tnstabllity {4 netther the kapra nor the gamma mechanism cesulting from the
partial Lonlzation of hydrogen but {s a new physical effect which they call
"couvection blocking," In essence, the interaction of pulsation and
convection can act to block the flow of energy in a compression or release it
{n an expansfon ju4t like the normal kappa and gamma mechanisms,

1. The Pulsating DBV Stars

Currently there are 4 known pulsators with pure heltum atmospheres (18],
They are called the DBV stars and their discovery {s a direct result of the
theorutical pradictions [37,42]. Both uitraviolet and optical atmospheric
analyses have been performed on these stars and tle inmtabtlity strlp ranges
from an effective temparature of 24,000K to about 28,000k (19). However, the
boundaries are rather uncertaln and probably could vary by aw much as 2,000K
(19]. Koeater, et al. [17] find a romewhat cooler tnatabllity strip,

Theoretical analyses of these wtars [5,)8] are in vssential agreoment but
with the namoe Jdifferencens in interpretation as found for the 727 Cett
varfablosx, In assence, the caure of {nstabllity 8 nltimately the pertial
tonization reglon of heltum and hydrogen cannot be present {n the deiving
region to rathar stringent Limlta, This {8 hecause hydrogen can eanily
“"polwon" the pulsations Lln thin temperature range and, (n addition, (f theve
were any hydrogen (L would float to the mutface on a rather rapld t{me sealo,
A The GW Vie (PG1L159-015) Vartable Stars

The firat membar of this clans wan found Lo be pulsating tn a nurher of



modes with periods around 500 seconds [20]. Spectroscopic studies showed no
evidence for any hydrogen in the atmosphere, that the gravity was ‘107 cm/s2
or larger, and that i:s effective temperature exceeded 100,000K [l]. Winget,

t al. [40] have measured a period change in GW Vir of -2.34 x 10'1“ s/s. This

hes now been interpreted {15] ag caused by a shrinking, rotating star
pulsating in a low order 1 mode (1 is the number of node lines on the
surface). They obtain a rotation velocity of “35 - 50 km/sec which does not
seem unreasonable for a white dwarf. Other members of this class [9,44]
{nclude the central star of the planetary nebula Kl-16 which is pulsating at
periods of “1700 sec, much longer than those found in GW Vir.

Starcfield, et al. (29-33] identified the pulsation driving mechanism as
the partial fonization of the last two electrons of both carbon and oxygen.
Both codes [{22,25]) were used to analyze stellar envelopes in the effective
temperature range from 7C,000K to 150,000K (and hotter). The mass of the star
was assumed tc be O.6MO and the composition of the envelope was assumed to be
efther half helium and half carbon (by mass), pure carbon, half carbon and
half oxygen, or ninetv percent oxygen and ten percen® carbon. They found
{nstabllity strips for these stars in the above temperature range. They also
predicted that {f GW Vir were as hot as suggested by the xray observations,
then a significant amount of oxygen was requlred at the surface in order for
thesn stars to pulsate. This prediction was confirmed [26] by the discovery
of strorg oxygen lines in the spectrum, The actual abundance of oxygen is
unknowr, since no abundance analysis has been done for these stars. A recent
study of Kl-16 has found the same lines but they are in emifssion. Starrfleld
et al, [33; and {n preparation]| have also done a linear, nonadtabatic,
nonradial analysls of Kl-16 and found tnstability strips for this star at high
luminos{ty. In order for Kl-16 to be pulsating at pertods of “1700 sec {t wust
have an effective tompearature around 130,000K,

5. Conclusions

The observational studias of these atars have abown both that they are
pulsating tn nonradial g* moden and also that thewe modes are of low ovder in
1 and high order tn k (the number of nodes in the radial cigenvector). The
principal argument in favor of these conclusions (s that the petiods
calculated for stellar models {n the obwerved temporature range are quite
¢lose to thome tuat are observed. The dimcovery and analysls of thews stars
lian markedly {mproved our understandfing of the laswt stages of svolution of

stars Like the sun, In order to analyze thess atars and demonstrate that they



are pulsating in nonradial modes, it was necessary tv develcp new numerical
techniques and use the latest stellar opacities and equationa of state. In
addicion, it was necessary to apply diffusion theory to the outer envelopes of
DA white dwarfs. Now it appears that a time dependant theory of the
interaction betwean convection and pulsation will have to be daveloped in
order to accurately detarmine the theoratical boundaries of the ZZ Ceti and
DRV instability strips.

The theoretical analysis of these stars has provided us with two new
pulsation driving mechanisms. In the case of both the ZZ Ceti and DBV
varlables it is "convaction blocking"” which occurs as a rasult of the
Interac:{ion between convection and pulgation. Decailed analysis of the
driving reglons in both classes of vari{ables shows that convection cannot
ad just (nstantaneously to elther a compression or an expansion and the result
fa a blocking or release of energy out of phase with the envelope motions.

In the case of the GW Vir variables it is the action of a kapps and gamma
mechanism that drives the pulsations, but {t is the pavtlial ifonization of
carbon and oxygan that causes the pulsational instability and evidence has now
been obtained that shows that these stars have oxygen present at the surface.
This {mplfes that these stars have probably suffered a great deal of mass loss
{n order for them to have eliminated thair entire hydrogen and helium burning
layers.

Finally, the observations of these stars show that there {s helium
ptesent in the surface layers. The fraction of helium has yat to be
deterained but (s probably wmall; otherwise, ft would puison the pulsatiunal
fnatabtlity. Nuvertheleass, it saems likaly that with time it will float to
the surface and finally poison the driving and halt the pulmatlons. As the
star ccuin, howsver, Lt will pass through the DBV [(natablility strip and again
become a pulsating variable star,

It in a pleasure to thauk H., Bond, A. Cex, A, Gtaver, C. Hanwen, 8,
Kawnler, J. Ltebart, K. Nathar, ). Pennell, E, M. Slon, H. Van llorn, and D,
Winget for valuable diacusdtons, [ am grateful to the Assoctation of Western
Universition and the Fellows uf the Jolnt Inatitute for Laboratory
Antrophysics for Sabbatical Leave Fellowahipa during the time this paper waw
heing prepared. I am almo grateful to o, Hell, 8, Colgate, Ao N Cox, ani J,
Nurman fovr the huspltality of the Los Alamon National Laboratory and a
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